Abstract The concentrations of heavy metals namely: Pb, Ni, Cd, Cr, Cu, Zn, Fe and Mn were measured in street dust samples. The samples were collected from the urban (Aljamaa district, main streets and substreets) and industrial areas of Jeddah city, Saudi Arabia. The concentrations of the measured metals were significantly higher in the main streets of the urban area than those found in the industrial area and substrates of the urban area. However, Pb was found in the highest levels in industrial area. The concentrations of the individual metals in street dust collected from the main streets and substreets of the urban area and industrial area averaged 70. for Mn, respectively. The ratios of main streets/substreets metal concentration in the urban area were 1.31, 1.65, 1.70, 1.82, 1.51, 1.59, 1.33 and 1.32 for Pb, Ni, Cd, Cr, Cu, Zn, Fe and Mn, respectively. The mean concentrations of measured heavy metals in street dust from both study areas were lower / higher or similar to those detected in other cities of the world. The average concentrations of Cu and Zn in street dust of the main street dusts of the urban area exceeded the permissible limit value of soil. Significant positive correlation coefficients were found between the concentrations of Cr, Cd, Cu and Zn and also between the concentrations of Fe, Mn and Ni, Cr, Cu and Zn in the street dust of the urban area. On the other hand, insignificant positive correlation coefficients were found between the concentrations of Pb and other metals in street dust of the urban area. In the industrial area, significant positive correlation coefficients were found between the concentrations of heavy metals in the street dust.
Introduction
Street dust makes a significant contribution to the pollution in the urban environment (Al-Khashman, 2004) . Heavy metals may come from many different sources in urban areas, including vehicle emission, industrial discharges, domestic heating, long-range transport and weathered materials (Li et al., 2001; Al-Khashman, 2004; Viard et al., 2004; Grigalaviciene et al., 2005 and Shawabakh, 2006) . Street dust metal pollution in urban areas arises from a variety of sources via water transported material from surrounding soils and slopes, dry and wet atmospheric deposition, biological inputs, road surface wear, road paint degradation, vehicular emissions, vehicle wear and lubricating oil, industrial emissions, fuels combustion and particulate emissions (Sutherland and Tolosa, 2000; Banerjee, 2003 and López et al., 2005) . The key heavy metals are Pb from leaded gasoline, Cu, Zn and Cd from car components, tire wear abrasion, lubricants, industrial and incinerator emissions (Markus and McBratney, 1996; Wilcke et al., 1998 and Ozkan et al., 2005) . Cd is used in accumulators of motor vehicles or in carburetors as alloys and it is released after combustion (Olajire and Ayodele, 1997 and Arslan, 2001 ). The Ni and Cr sources in street dust are believed to be corrosion of cars and chrome plating of some motor vehicle parts Madany, 1993 and Al-Shayep and Seaward, 2001) . Zn is a component of tires, which is released as they wear (Doss et al., 1995) .
Street dust has a particular concern due to its potential health risk to children through hand-to mouth activities, important source of house dust and urban atmospheric particulate matter and being inhaled by those traversing the streets and those residing in the vicinity of the streets (Ljung et al., 2005 and Acosta et al., 2009) . It carries a high loading of contaminants such as metals and organic pollutants (Kim et al., 1998; Li et al., 2001 and Yunker et al., 2002) . Due to the non-biodegradability of heavy metals and their long biological half-lives, their accumulations in the food chain have a significant effect on human health in the long term (Alloway, 1990 and Kabata-Pendias and Pendias, 1992) . Metals pollution accumulates in the street dust, soil, and surface and influences both the population health and ecosystem (Tüzen, 2003 and Ferreira-Baptista and . During rain periods, the dust usually gets discharged in the adjoining marine environment that could seriously pollute the water and concentrate in the sediments of the coastal area. This may prove toxic to marine life and contaminate fish or shellfish (Chirenje et al., 2006) .
Heavy metals cause toxic effects (Massadeh et al., 2006) . Human exposure to high concentrations of heavy metals leads to their accumulation in the fatty tissues of the human body and affects the central nervous system, or may be deposited in the circulatory system and disrupt the normal functioning of the internal organs (Waisberg et al., 2003 and Bocca et al., 2004) . Lead poisoning causes permanent neurological, developmental, and behavioral disorders, particularly in children (Laidlaw et al., 2005) . Some trace metals (e.g. Cu and Zn) at low concentrations are harmless, but other (e.g. Pb and Cd) at extremely low concentrations are toxic and initiators or promoters in many diseases and cancer (Willers et al., 2005) .
The monitoring of the metal contents of dust samples is an efficient way of obtaining information on the current environmental state of large areas. There is a lack of information on the concentrations of heavy metals in street dust of Jeddah, Saudi Arabia, which may provide important information on the state of the environmental pollution of urban and industrial areas, and to be used as a useful indicator of the heavy metal pollution sources. Therefore, the present study aims to (1) reduce that lack by evaluating the distribution of some heavy metals (Pb, Ni, Cd, Cr, Cu, Zn, Fe and Mn) in street dust samples collected from the urban and industrial areas in Jeddah, (2) compare the concentrations of heavy metals between the main streets and substreets in the urban area, (3) compare the heavy metal results from both study areas with those available in various areas throughout the world, and (4) investigate the factors effecting on the metal concentrations in the street dust.
Materials and Methods

Study Area
Jeddah is the second largest city of Saudi Arabia and is located on the Red Sea coast in the western part of Saudi Arabia. It is surrounded by mountains from north-east, east and south-east. Jeddah is a large commercial and industrial center as well as the crossroads between East and West to Asia, Africa and Europe. The general climate of Jeddah is warm and humid but moderate in winter, however in summer; it is characterized by high temperature, humidity, and solar radiation. Rainfall is generally sparse. Two sampling areas in Jeddah were selected according to traffic density and industrial activities. The first area was in Aljamaa district, which represented the urban area, located south of Jeddah city and characterized by relatively high traffic density. The second one was in industrial area, located south of Jeddah city, south of Aljamaa district.
Sample Collection
Street dusts were sampled during October -November 2010, to avoid rain washing out the heavy metals. A sampling point within each area was randomly selected. The sampling was carried out by sweeping an area of about 1 m 2 from pavement edges using a plastic dustpan and brushes (Christoforidis and Stamatis, 2009 ). The samples were collected from both sides of the road. Street dusts were not collected from sites adjacent to specific pollution sources (e.g. industries or gasoline sites). The samples were transferred to air-tight polyethylene bags until transport to the laboratory. Dust samples were stored in small self-sealing plastic bags after air-drying at room temperature, and then sieved through a 1.0 mm mesh nylon sieve to remove extraneous material. Samples were homogenized and sieved through 63μm sieve size. This size is chosen because dust may contain higher metal concentrations (Whicker et al., 1997) , and particles below this size are considered hazardous (Duggan and Inskip, 1985) . Dust samples were moisture equilibrated for at least 12 h in desiccators and weighted. After weighting, the street dust samples were digested for the metal analysis.
Heavy Metal Analysis
Known weight (0.5 g) of dust fractions (< 63 μm) were subjected to chemical extraction using a 1:3 mixture of concentrated hydrochloric and nitric acid (Harrison and Perry, 1986) . The clear digested solutions were made to 50 ml with double-distilled water, and stored in plastic bottles. Pb, Ni, Cd, Cr, Cu, Zn, Fe and Mn concentrations in the final solutions were determined using a Varian Atomic Absorption Spectrometer (AAS) Spectra AA-220-FS. All solvents and chemicals used were analytical reagent grade. All the glassware and plastic vessels were treated by dilute (1:1) nitric acid and then rinsed with double distilled water before use. Double-distilled water was used for preparing the stock solutions of target metals and all dilutions. Calibration curves for each target metals were obtained by using suitable standard solutions prepared from the stock solutions. For all measured metals, good correlation was found with R 2 > 0.995. The reproducibility expressed as relative standard deviation (RSD) for replicate analyses of the calibration standard for all measured metals varied from 1.99% to 3.89%. The detection limit of each metal was calculated from the data of replicate measurements of low concentration samples and observed from their standard deviation. The instrument was calibrated using metal standards for each element being analyzed. In order to determine the precision of the analytical process, sample from one site was analyzed four times. The RSD for this sample was calculated to 2.5%. Laboratory blanks were prepared by adding same volume of a 1:3 mixture of concentrated hydrochloric and nitric acid that was added to the samples to a conical flask containing none of the samples being investigated. This consisted of all components added to the matrix during digestion. Blank samples were analyzed for total trace metal levels. The relative concentration in percentage of an element in the sum of elements was calculated and the formula is: Percentage of X = X / (sum of all elements) * 100%.
Statistical Analysis
The correlation coefficient (r) and the correlation significant t-test were determined using the alternative method of calculation (Gregory, 1963 ). Student's t-test was used to estimate the significant difference between the mean concentrations of heavy metals (Gregory, 1963) .
Results and Discussion
Heavy Metals in Street Dust
The minimum, maximum, median and arithmetic mean concentrations of the individual measured heavy metals in the street dust collected from the main streets of the urban and industrial areas are summarized in Table 1 . Fe, Mn and Zn were the abundant metals, however Cd was found in the lowest concentrations. The distribution of the individual measured metals were found to follow the pattern of Fe > Mn > Zn > Cu > Cr > Pb > Ni > Cd in the main street of the urban area and Fe > Mn > Zn > Pb > Cu > Cr > Ni > Cd in the industrial area (Fig. 1) . The mean relative concentrations of the individual metals in the street dust of both urban and industrial areas were, respectively, 0.62% and 1.20% for Pb, 0.35% and 0.31% for Ni, 0.02% and 0.018% for Cd, 0.64% and 0.54% for Cr, 1.10% and 1.06% for Cu, 3.00 % and 2.72% for Zn, 89.74 % and 89.62 % for Fe and 4.52 % and 4.53 % for Mn (Fig. 1) . Pb pollution comes from combustion of gasoline that contains tetraethyl lead as an anti-knock agent (Tüzen, 2003) . The highest lead concentrations have been detected in dust collected from streets carrying Mn heavy traffic (Fergusson and Kim, 1991 and Divrikli et al., 2005) . Although Pb has been banned in petrol for several years in Saudi Arabia, the concentration of Pb in street dust of urban area reflects the significant degree of historical Pb contamination and its long half-life, because Pb was used in fuel for decades. The average concentration of Pb in the street dust in the industrial area was significantly (p < 0.001) higher (1.5 times) than that found in the main streets of the urban area ( Table 1) . The relatively high concentration of Pb in the industrial area is mainly attributed to accumulation of Pb emitted from industrial activities and traditional use of leaded gasoline for long time. Pb pollution occurs on a local scale by industrial emissions and on a larger scale by emissions from vehicles that use leaded gasoline (Koeppe, 1981; Celik et al., 2005 and Tume et al., 2008) .
Although Pb has been completely removed from fuel in Saudi Arabia, Pb in the street dust of the main streets of the urban area could be considered as an indirect Pb source particularly at the highest congestion of traffic density. Li et al. (2004) reported that although the leaded petrol was banned in Hong Kong in 1999, the Pb contamination due to the historical use of Pb in petrol was still significant in the urban soils. High concentrations of Pb were found in settled dust in an urban area of Giza, Egypt despite decades of using unleaded gasoline (khoder et al., 2010) .
The average concentration of Ni in the main street dusts of the urban area was significantly (p < 0.001) higher (1.46 time) than that found in the industrial area (Table 1) . The relatively high concentrations of Ni in the main street dusts of the urban area may be attributed to high traffic density which increases the emissions. The highest concentration of Ni content in street dust was found in the streets with heavy traffic density (Al-Khashman, 2007) . Ni pollution on a local scale is caused by emissions from vehicle engines that use Ni gasoline and by the abrasion and corrosion of Ni from vehicle parts (Al-Shayeb and Seaward, 2001 ). In the present study, significant differences (p < 0.001) was found between Cd concentrations in street dust collected from the main streets of the urban area and those collected from the industrial area (Table 1) . The average Cd concentration in street dust from the main streets of the urban area was found to be 1.43 times higher than that found in the industrial areas. This result is in agreement with Al-Khashman (2007) who found that the highest mean Cd content was found in the streets with heavy traffic. Higher concentrations of Zn and Cd in heavy traffic zones indicate that fragmentation of car tires is a likely source of these metals (Elik, 2003) . Cd is released as a combustion product in the accumulators of motor vehicles or in carburetors Divrikli et al., 2005) .
The average concentration of Cr in the main street dust of the urban area was significantly (p < 0.001) higher than that found in the industrial area ( Table 1 ). The average Cr concentration in street dust was 1.53 times higher in the main streets of the urban area than in the industrial area. This result agrees with Al-Khashman (2007) and Christoforidis and Stamatis (2009) who found that the highest concentrations of Cr in the street dusts with heavy traffic density. In addition, Cr in dust is associated with the chrome plating of some motor vehicle parts (AlShayep and Seaward, 2001 ). In the present study, Cu concentrations in the street dust collected from the main streets of the urban area were significantly higher (p < 0.01) than those found in the industrial area (Table 1) . Table 1 . Summary statistics of the heavy metal concentrations in the street dust collected from the urban (main streets) and industrial areas.
The average Cu concentration in street dust from the main streets of the urban area was found to be 1.34 times higher than that found in the industrial areas. Cu concentrations ranged from 71.15 to 157.95 µg/g (with a mean value of 125.52 µg/g) in the main streets of the urban area and 60.64 to 175.46 µg/g (with a mean value of 93.66 µg/g) in the industrial area. This may be attributed to the higher traffic density which leads to an increase in cu emission. The highest levels of Cu were observed in the street dust samples from heavy traffic areas (AlKhashman, 2007) . Cu source in the street dust was ascribed to corrosion of the metallic parts of cars like engine wear, thrust bearing, and brush wear (Divrikli et al., 2005 and Shawabkeh, 2006 The average concentration of Zn in the main street dusts of the urban area was significantly (p < 0.001) higher than that found in the industrial area (Table 1) . The average Zn concentration in street dust from the main streets of the urban area was 1.42 times higher than that found in the industrial areas. The highest levels of Zn were found in the street dust samples from heavy traffic areas (Al-Khashman, 2007) . The elevated concentrations of Cu, Zn and Ni can be attributed to the heavy traffic near the sampling site (Sternbeck et al., 2002 and Harrison et al., 2003) . Zn particles may be derived from industrial sources, with the abrasion of tires of motor vehicles a possible second source (Adriano, 2001 and Carreras and Pignata, 2002) . In the present study, Fe was the most abundant metal content in the street dust. Fe concentrations in street dust collected from the main streets of the urban area were significantly higher (p < 0.001) than those found in the industrial area (Table 1 ).
The concentrations of Fe ranged from 7796 to 11802 µg/g (with a mean value of 10199.42 µg/g) in the main streets of the urban area and 4941.92 to 14038.92 µg/g (with a mean value of 7918.42 µg/g) in the industrial area. The average Fe concentration in street dust from the main streets of the urban area was found to be 1.29 times higher than that found in the industrial areas. The highest levels of Fe in street dust collected from the main streets of the urban area may be attributed to the pollution originating from heavy traffic density and anthropogenic activities. This is in agreement with Al-Khashman (2007) who found the highest levels of Fe in the street dust samples from heavy traffic areas. The possible sources of Fe in street dust were believed to be wear of brake linings material, corrosion and wear of the vehicles (Hildemann et al., 1991 and Garg et al., 2000) . In the present study, the average concentration of Mn in the main street dusts of the urban area was significantly (p < 0.01) higher than that found in the industrial area (Table 1) . The average Mn concentration in street dust from the main streets of the urban area was 1.28 times higher than that found in the industrial areas. The highest levels of Mn were found in the street dust samples from heavy traffic areas (Al-Khashman, 2007) . The main source of Mn in dust samples was from the geological material, traffic, and tire wear (Divrikli et al., 2005) .
Fe, Mn and Zn were the abundant street dust metals collected from the substreets of the urban areas (Fig. 2) . The distribution of the individual measured metals in substreet dust were found to follow the pattern Fe > Mn > Zn > Cu > Pb > Cr > Ni > Cd. The mean relative concentrations of the individual metals in substreets dust were 0.63% for Pb, 0.28% for Ni, 0.02% for Cd, 0.47% for Cr, 0.98% for Cu, 2.52% for Zn, 90.50 % for Fe and 4.59 for Mn (Fig. 1) . The highest metal concentrations were found in the main street dusts. Significant differences (p < 0.001) were found between the average concentrations of the individual metals in the main streets and substreets. The average concentrations of the individual metals in the dusts collected from the main and substreets were: 70.36 and 53.51 µg/g for Pb, 39.71 and 24.00 µg/g for Ni, 2.24 and 1.32 µg/g for for Cd, 72.93 and 40.1 µg/g for Cr, 125.52 and 83.32 µg/g for Cu, 340.85 and 214.10 µg/g for Zn, 10199.42 and 7678.84 µg/g for Fe and 514.15 and 389.69 µg/g for Mn, respectively (Fig. 2) . In addition, the main street/substreets metal concentration ratios were 1.31, 1.65, 1.70, 1.82, 1.51, 1.59, 1.33 and 1.32 for Pb, Ni, Cd, Cr, Cu, Zn, Fe and Mn, respectively (Fig. 2) . The highest concentrations of the measured heavy metals in the main street dusts are mainly attributed to the high emission of those metals from the heavy traffic density. Heavy metals such as Cd, Cu, Pb, Ni, Fe and Zn are often associated with traffic densities (Birmili et al., 2006 and Han et al., 2007) . Pb and a variety of other metals concentrations of roadside and parking dust and vegetation are directly related to traffic density (Grigalaviciene et al., 2005; Hjortenkrans et al., 2006 and Tokalioglu and Kartal, 2006) . Pb and Cd concentrations in roadside soils generally decreased with increasing distance from the main road (Bakirdere and Yaman, 2008) . Soil pollution by heavy metals was generally concentrated in the first few meters to tens of meters on either side of the road pavement and then sharply decreased with distance far away from the road (Blok, 2005 and Nabulo et al., 2006) . Piron-Frenet et al. (1994) found a correlation between traffic density and heavy metal deposited in the roadside soil. The exponential equation fits quite well for the variations of Pb, Cd, Zn and Cu contents with distance pollution sources (Zheng et al., 2010) . In the present study, the higher concentrations of heavy metals in the main street dusts than those were found in the substreets indicated that, humans living along the main street with heavy traffic density may be exposed to higher concentrations of heavy metals.
Generally, the concentrations of all measured metals in street dust except Pb were significantly higher in the main streets of the urban area associated with high traffic density, followed by the industrial area and substreets of the urban area. This shows the extent to which automobiles and industries release these metals as pollutants into the environment. The results in the present study confirmed that the main reason of high concentrations of heavy metals localized in industrial and in urban roadsides are either related to industrial activity or the density of the traffic. 
Mn
Comparison of Heavy Metals Levels in Street Dust of Jeddah with Other International Cities
The heavy metal contents in street dust samples collected from the urban and industrial areas in Jeddah city were compared with those found in different locations of the world ( Table 2) . As shown in this Table, it could be seen clearly in general that, Pb, Cu, Zn, Ni, Cr, Cd, Fe and Mn mean values in street dust from both study areas were lower / higher or similar to those detected in other cities of the world. Generally, the variation in the levels of measured metals in street dusts among the different locations of the world was presumably due to the difference in the traffic density, industrial activities, and intensity of human activities, land use patterns and the frequency of rainfall prior to sample collection.
Until now, there are no guidelines for concentration of metals/metalloids in dusts (Leung et al., 2008) . However, a substantial part of the street dust comes from soil re-mobilization/re-suspension while some of the street dusts are re-suspended and return to the soil surfaces Ferreira-Baptista and . Thus, it would be appropriate to compare the metal concentration in street dusts collected from different areas to the allowable limits in soil. The average concentrations of Cu and Zn found in the main streets only exceeded the maximum permissible limit 100 µg/g for Cu and 300 µg/g for Zn, respectively (Fabis, 1987 and Sezgin et al., 2003) . The possible sources of Cu include wearing of machinery parts, and brake pads, however, Zn may have originated from wear and tear of vulcanized vehicle tires, and corrosion of galvanized automobile parts. Almost all the street dust samples collected from the main streets and substreets in the urban area as well as from industrial area were found to be very rich with crustal metals (Fe and Mn). There is no limit on the concentration for these metals in the soil, but their extensive presence in all the sampling sites may be of concern due to their potential adverse health effects (Golub et al., 1992) .
The average concentrations for Pb in street dust from the main streets (70.36 µg/g) and subtreets (53.51 µg/g) of the urban area were lower than the maximum permissible limit in the soil (100 µg/g, Fabis, 1987) , whereas the average concentration for Pb in street dust from industrial area (105.76 µg/g) were nearly similar to this maximum permissible limit.
Correlation Between the Street Dust Heavy Metal Concentrations
Inter-element relationships can provide interesting information on the sources of heavy metal and their pathways (Manta et al., 2002) . Correlation coefficients between the heavy metal concentrations in street dust collected from the urban and industrial areas are shown in Table 3 . Significant positive correlation coefficients were found between the concentrations of Cr, Cd, Cu and Zn and between the concentrations of Fe, Mn and Ni, Cr, Cu and Zn in the urban street dust. These relationships indicated that heavy traffic was the common contamination sources for heavy metals in the street dust of the urban area and the origin of the metals. Monaca et al. (2000) found positive relationships between Cu, Mn, Pb, and Zn in urban environments in Florence, Italy. In the present study, insignificant positive correlation coefficients were found between the concentrations of Pb and other metals in street dust of the urban area (Table 3) , due to the use of unleaded gasoline. Significant positive correlation coefficients were found between the concentrations of the measured metals in street dust collected from the industrial area. These correlations indicated that these metals originated from similar or co-located sources and the origin of the metals in the industrial area was highly related to the industrial activities and heavy traffic. The close relationships among Cd, Cu, Pb and Zn might indicate the combined soil pollution by multi-heavy metals as a result of long-term industrial and human activities (Lu and Bai, 2010) . Table 3 . Correlation coefficients between the heavy metal concentrations in street dusts collected from the urban and industrial areas in Jeddah city. 
Conclusions
The sources of the different metals in urban and industrial street dust were typically common to most urban and industrial environments, but their intensities and patterns of distribution varied according to the peculiarities of each city. The distribution of the individual measured metals in street dust was found to follow the pattern of Fe > Mn > Zn > Cu > Cr > Pb > Ni > Cd in the main street of the urban area, Fe > Mn > Zn > Pb > Cu > Cr > Ni > Cd in the industrial area and Fe > Mn > Zn > Cu > Pb > Cr > Ni > Cd in the substreet of the urban area. The highest metal concentrations were found in the main street dusts of the urban area, followed by the industrial area and substreets of the urban area. However, Pb was found in the highest concentrations in industrial area. The humans living along the main street with heavy traffic density may be exposed to higher concentration of metals. Cu and Zn in the main street dusts of the urban area exceeded the maximum permissible limit in soil. Correlation coefficients between the concentrations of measured metals in street dust indicated that heavy traffic density was the major source of the heavy metals in the urban street dust; however, industrial activities and emissions from vehicles were the major sources of these metals in the street dust of the industrial area. A regular monitoring program to assess the street dust quality is needed in order to implement suitable pollution control measures in the city environment.
